Brain injury activates complex inflammatory signals in dying neurons, surviving neurons, and 52 glia. Here, we establish that inflammation regulates the regeneration of photoreceptors in the 53 zebrafish retina and determine the cellular expression and function of the inflammatory 54 protease, matrix metalloproteinase 9 (Mmp-9), during this regenerative neurogenesis. Animals 55 of either sex were used in this study. Following photoreceptor ablation, anti-inflammatory 56 treatment suppresses the number of injury-induced progenitors and regenerated 57 photoreceptors. Upon photoreceptor injury, mmp-9 is induced in Müller glia, the intrinsic retinal 58 stem cell, and Müller glia-derived photoreceptor progenitors. Deleting mmp-9 results in over 59 production of injury-induced progenitors and regenerated photoreceptors, but over time the 60 absence of Mmp-9 compromises the maturation and survival of the regenerated cones. Anti-61 inflammatory treatment in mutants rescues the defects in cone maturation and survival. These 62 data provide a link between injury-induced inflammation in the vertebrate CNS, Mmp-9 function 63 during photoreceptor regeneration and the requirement of Mmp-9 for the survival of regenerated 64 cones. 65 66 67 68 69 70 71 72 73 74 75 3 Significance Statement 76 77 The innate immune system is activated by neuronal death, and recent studies demonstrate that 78 in zebrafish neuroinflammation is required for neuronal regeneration. The roles of inflammatory 79 cytokines are being investigated, however, the function of the inflammatory protease, matrix 80 metalloprotease Mmp-9, in neuronal regeneration is unknown. We show herein that in adult 81 zebrafish retinal inflammation governs the proliferative phase of the stem cell-based 82 regeneration of rod and cone photoreceptors and determine the specific roles for Mmp-9 in 83 photoreceptor regeneration. This study provides the first mechanistic insights into the potential 84 role of Mmp-9 in retinal regeneration and serves to link neuroinflammation, stem cell-based 85 regeneration of photoreceptors and human photoreceptor disease. 86 87 88 89 90 91 92 93 94 95 96 97 98 99 100 101 2013; Zhao et al., 2014). Following a photolytic lesion, dying photoreceptors secrete Tnf-a, to 129 which Müller glia respond by partial dedifferentiation, synthesis of Tnf-a and entry into the cell 130 cycle (Nelson et al., 2013). Mechanical lesions induce the expression of leptin and Il-6 family 131 cytokines in Müller glia and Müller glia-derived progenitors and is required for injury-induced 132 proliferation (Zhao et al., 2014).
Introduction
Inflammation modulates immune and nonimmune functions during tissue development, repair, 153 demonstrate that following photoreceptor regeneration, Mmp-9 is required for the maturation 154 and survival of regenerated cone photoreceptors. 155 156 10 buffered 4% paraformaldehyde for 10 minutes then processed for BrdU IHC as described 235 above.
236
Production of custom antibodies 237 Antibodies specific to zebrafish Mmp-9 were generated by Pocono Rabbit Farm & Laboratory 238 (PRF&L, Canadensis, PA) as previously described (Calinescu et al., 2009) . A 24 amino acid C-239 terminal peptide was used as the immunogen, CDIDGIQYLYGPRTGPEPTAPQPR; NCBI: 240 AY151254. Polyclonal antibodies were affinity purified and confirmed by ELISA (data not 241 shown). Western blots performed with retinal proteins using pre-and post-immune sera 242 confirmed the post-immune serum detected a 76 kDa band, the predicted size for Mmp-9.
243
Western blot analysis and known cleavage sites on pro-Mmp9 suggest these antibodies 244 recognize both the pro-and active forms of Mmp-9, which can be distinguished by slight 245 differences in their molecular weights (Vandooren et al., 2013a; see Results) . 
249
Signaling Technology, Danvers, MA, USA). Proteins were separated in a 12% Mini-PROTEAN 250 TGX Precast gel (BioRad) and transferred to a polyvinylidene difluoride (PVDF) membrane 251 (GenHunter Corp., Nashville, TN) . To block non-specific staining, membranes were incubated in 252 5% nonfat dry milk in Tris buffered saline containing 0.3% Tween-20 (TBST) for 2 hours.
253
Membranes were incubated with the antibodies-containing solution overnight at 4°C. Blots were 254 then washed in TBST and incubated with horseradish peroxidase-conjugated secondary IgG
255
(1:1000) for 1 hour at room temperature. Antibody-bound protein was visualized using Pierce 256 ECL Western blotting substrate (32106; ThermoFisher Scienific, Waltham, MA). To visualize 257 loading controls, blots were also stained with antibodies against actin. Images were captured 258 using the Azure C500 (Azure Biosystems, Dublin, CA). Densitometry of protein bands was 259 performed using ImageJ software (https://imagej.nih.gov/ij/). 
288
Premature stop codons were identified by comparing predicted amino acid sequences for wild-289 type and mutants using the ExPASy translate tool (available in the public domain at 290 (www.expasy.org). F1 hybrids carrying a mmp-9 mutation were in-crossed and homozygous F2 291 mutants were identified by a combination of Sanger sequencing and T7 endonuclease assays 292 (New England Biolabs, Ipswich, MA) as previously described (www.crisprflydesign.org).
293

Imaging
294
Fluorescence images of retinal sections were captured using the Leica TCS SP5 295 confocal microscope (Leica Microsystems, Wetzlar, Germany). Cell counts were conducted 296 using z-stack images and analyzed with Imaris software (Bitplane, South Windsor, CT).
297
Regenerated photoreceptors were identified by the colocalization of DAPI, BrdU, and the ISH 298 markers pde6c (cones) or rho (rods).
299
Cell Counts and area measurement.
300
Cells were counted in both radial sections and retinal wholemounts. In radial sections, 301 cells were counted in three nonadjacent sections in each retina. The number of cells per retina 302 were averaged, and averages were computed for control and experimental groups. In 303 wholemounts stained with an antibody against the tight junction protein,  304 2017), cones were identified in optical sections taken at the outer limiting membrane as profiles 305 with perimeters greater than 3.5 µm. Cells were counted in five separate regions in each retina, 306 sampling a totaling 5625 2 μm per retina. The average number of cells in control and 307 experimental groups were then averaged.
308
Experimental Design and Statistical Analyses
309
The statistical significance in mRNA levels between unlesioned and lesioned retinas was 310 calculated using an ANOVA (JMP 9.0; SAS Institute, Inc., Cary, NC). A p-value ≤ 0.05 was 311 considered significant. The statistical significance in the number of cells between control and 13 treated retinas was calculated using a student's t-test (GraphPad Prism Software, La Jolla, CA).
313
A p-value ≤ 0.05 was considered significant. Western and zymogram analyses consisted of 314 three independent biological replicates, and each replicate contained six homogenized retinas 315 from three fish (18 retinas per time point). Statistical significance between optical density values 316 of bands in control and experimental groups was calculated using an ANOVA (JMP 9.0, SAS 317 Institute, Inc., Cary, NC). A p-value ≤ 0.05 was considered significant.
The expression of inflammatory genes is induced by photoreceptor ablation
322
To characterize the inflammatory response during photoreceptor ablation and 323 regeneration, qPCR was used to quantify the expression of inflammatory genes, mmp-9, tnf-a, 324 tnf-β, il-8, nfkb1 , and nfkb2, shown previously to regulate various forms of tissue regeneration in 325 zebrafish (de Oliveira et al., 2013; LeBert et al., 2015; Nelson et al., 2013; Karra et al., 2015) . Figure 1A ). Interestingly, among all the transcripts examined, mmp-9 shows the greatest 334 change from the undamaged controls, peaking at 24-48 hpl. Further, by 168 hpl mmp-9 levels 335 are reduced to only about 70% of the peak value (ANOVA F-ratio = 22.23, p= .0001; Figure 1A ).
336
The pro-inflammatory cytokine, Tnf-a, has been posited to be responsible for initiating 337 photoreceptor regeneration in zebrafish (Gorsuch and Hyde, 2014; Nelson et al., 2013) , but at 338 all time points in this assay, the levels of tnf-a expression were not significantly different from 339 controls. Our assay for tnf-a failed to replicate previous results (Nelson et al., 2013) , and we 340 infer this is most likely a consequence of technical issues, perhaps reflecting differences 341 between the qPCR assay used here and the protein analysis used by Nelson et al. (2013) .
342
Nonetheless, these data show that in zebrafish a photolytic lesion, which leads to photoreceptor 343 death, induces rapid expression of characteristic inflammatory genes that follows a time course 344 reflecting the well-described events that underlie photoreceptor regeneration. Further, the commences.
Inflammation regulates injury-induced proliferation and photoreceptor regeneration
and here the dose of dexamethasone, route of administration and sizes and ages of animals 
357
To validate the effectiveness of the Dex treatment, the expression levels of inflammatory 358 genes were quantified in control and Dex-treated groups. At 72 hpl, the expression of mmp-9, il-359 6, and nfkb1 were significantly decreased following dexamethasone treatment (p values = 360 .0001, .0061, .0003, respectively; Figure 1C ). Dex treatment did not suppress the expression of 
365
Assays of cell proliferation and photoreceptor regeneration were performed for control 366 animals and animals treated with Dex. Dividing cells were labelled with BrdU between 24 and 367 48 hpl to mark progenitors that will give rise to regenerated photoreceptors ( Figure 1B 
395
Mmp-9 protein is present and catalytically active following photoreceptor death 396 cleaved into an active protease, which can be distinguished by the slight difference in its To investigate the function of mmp-9 during photoreceptor regeneration, mutants were 424 generated using CRISPR-Cas9 (Hwang et al., 2013) , targeted to the mmp-9 catalytic domain in 425 exon 2 ( Figure 5A ). The 19 base sgRNA produced several alleles, two of which were bred to 426 homozygosity and characterized further, a 23bp deletion (designated mi5003; ZFIN, 427 https://zfin.org/) and an 8bp insertion (designated mi5004; ZFIN, https://zfin.org/), respectively 428 ( Figure 5B) . Individuals from the two lines were crossed to create compound heterozygotes to 429 evaluate the potential for off target effects in either of the two independent lines (see next 430 section). Each of the two mmp-9 lines carries a mutation that results in a frameshift that predicts The qPCR data showed that mmp-9 levels remain significantly elevated at the time 483 injury-induced photoreceptor progenitors exit the cell cycle and begin differentiating into mature 484 photoreceptors ( Figure 1A ). We infer that, though not detected by Western blot analysis, Mmp-9 485 protein persists as well. This suggests that Mmp-9 may have functional roles beyond regulating 486 proliferation during the initial stages of photoreceptor regeneration. Therefore, regenerated rod 487 and cone photoreceptors were qualitatively and quantitatively compared in wild-type and 488 mutants at 21dpl, a time point where regeneration is complete (Powell et al., 2016) . For both 489 groups, retinal sections were labeled with rod-and cone-specific antibodies and regenerated 490 photoreceptors were counted in sections and whole mount preparations. These analyses 491 showed there were no qualitative differences between wild-type and mutants in the appearance 492 of regenerated rod photoreceptors ( Figure 9A) , and the over production of rod photoreceptors 493 observed at 7dpl was present at 21dpl ( Figure 9B, C) .
494
In mutant retinas at 21dpl, the maturation and survival of cones were clearly 495 compromised. Relative to controls, regenerated cones in mutants have shorter outer segments 496 and appear to be fewer in number ( Figure 9A , insets 9B,C). Counts of regenerated cones in 497 tissues sections show the initial over production of cones, evident at 7 dpl, is absent at 21 dpl 498 ( Figure 9C ). Cones were also counted in retinal wholemounts ( Figure 10) . In both wild-type and 499 mutant retinas, cone photoreceptors in unlesioned retinas are characterized by a very precise 500 the retina that contain regenerated photoreceptors are identifiable by the marked spatial degradation of the mosaic, though individual cone photoreceptors remain readily identifiable significantly fewer regenerated cones than wildtype animals (p=.0229) ( Figure 10A, B ). Finally,
507
as an independent measure of the maturation of cone photoreceptors, Western blot analysis 508 was performed using an antibody against the cone-specific transducin protein, Gnat-2 ( Figure   509 10C; Lagman et al., 2015) . As suggested by the invariant number of cones in unlesioned 510 retinas, Gnat-2 levels in unlesioned retinas are comparable in wild-type and mutant animals. In 511 lesioned retinas, Gnat-2 levels begin to recover in wild-type animals by 14 dpl, and by 21 dpl 512 values in wild-type animals are nearly at the levels found in unlesioned retinas (Figure 10C, D) .
513
In contrast, Gnat-2 levels in mutants lag behind wild-type levels, and at 21dpl Gnat-2 levels in 514 mutant animals are significantly less than in wild-types (p = .0014) ( Figure 10C, D) . Comparable 515 measures specific to rod photoreceptors showed there were no differences between wild-type 516 and mutant animals (data not shown). These results indicate that Mmp-9 also plays a functional 517 role during photoreceptor regeneration, well after injury-induced proliferation and the initial 518 differentiation of regenerated photoreceptors is complete. Further, this function is specific to 519 cones.
520
Late anti-inflammatory treatment rescues the maturation and survival defect of 521 regenerated cones in mmp-9 mutants 522 MMP-9 is known to cleave inflammatory cytokines, and we hypothesize it may function 523 to modify cytokine signaling during the resolution phase of tissue inflammation. To determine if 524 the defects in the maturation and survival of cone photoreceptors is a consequence of persistent 525 inflammation, we treated mutants with vehicle or Dex between 3 and 13dpl to suppress the 22 inflammatory response, beginning after the initial formation of Müller glia-derived progenitors 527 and throughout the phase of photoreceptor differentiation and maturation ( Figure 11A ). Cone 528 photoreceptors were then counted in retinal wholemounts at 21dpl from vehicle and Dex-treated 529 mutants. The number of cones at 21dpl in vehicle-treated mutants approximates that shown 530 above ( Figure 10B; Figure 11mB, C) . In contrast, there were significantly more regenerated 531 cones in the Dex-treated mutants than in the vehicle-treated controls (Figure 11B , C; p =.01),
532
restoring the number of regenerated cones nearly to that observed in wild-type animals. Further, 533 regenerated cones in the Dex-treated mutants were noticeably more mature than in controls, as 534 evidenced by their more regular arrangement and increased overall length ( Figure 11D ).
535
Correlated with these data, activated microglia are present in the ONL of vehicle-treated 536 mutants ( Figure 11E ), a notable feature of the early stages of photoreceptor death and a 537 hallmark of inflammation in the retina (White et al., 2017) . These results suggest that the 538 absence of Mmp-9 results in a persistent immune activation, which selectively compromises the 539 survival and maturation of cone photoreceptors.
541
The results of this study are summarized in Figure 13 . In response to photoreceptor cell injury and death, mmp-9 is rapidly induced in Müller glia, and anti-inflammatory treatment 569 significantly suppresses mmp-9 expression. These data suggest Mmp-9 as a component of the 570 inflammatory response in the retina. Several previous reports showed that following neuronal 571 death Müller glia secrete the inflammatory cytokines, tnf-a, leptin, and il-6 (Nelson et al., 2013;  572 Zhao et al., 2014) . Recent transcriptome and gene ontology analysis for Müller glia, isolated 573 during photoreceptor injury and death, identified cytokine signaling and the immune response as 574 activated pathways (Roesch et al., 2012; Sifuentes et al., 2016) . However, in the mammalian 575 retina, neuronal death leads to persistent active gliosis in Müller glia and failure of the 576 spontaneous expression of intrinsic reprogramming factors. This limits the ability for neuronal 577 regeneration (Bringmann et al., 2006 (Bringmann et al., , 2009 Reichenbach and Bringmann, 2013 ; see also Ueki et al., 2015) . Our data add details to the innate immune response in the retina that is required 579 for stem cell-based regeneration of photoreceptors. It is interesting to note that the activation of 580 cytokine pathways is conserved in the transcriptomes of Müller glia in both zebrafish and mouse 581 models of photoreceptor degeneration (Roesch et al., 2012; Sifuentes et al., 2016) , suggesting 582 that photoreceptor death in vertebrates results in a common inflammatory response among 583 Müller glia.
578
584
Mmp-9 loss-of-function results in an increased number of Müller glia-derived progenitors, 585 resulting initially in more regenerated photoreceptors. The overproduction of regenerated 586 photoreceptors is interpreted simply to result from the overproduction of progenitors, and Mmp-9 587 plays no role in the timing of cell cycle exit or initial photoreceptor differentiation. There are at 588 least three interpretations that explain the overproduction of photoreceptor progenitors. First, the 589 absence of Mmp-9 may allow more Müller glia to enter the cell cycle. Previous studies showed 590 that neuronal damage results in only 65-75% of the Müller glia entering the cell cycle 591 (Nagashima et al., 2013) . However, we demonstrated that mmp-9 was expressed only by 
